INTRODUCTION
INCREASED USE of ammoniacal fertilizers has renewed interest in the nitrifiration process, which involves oxidation of ammonium nitrogen to nitrate by soil bacteria. In particular, new problems have been raised by the development of anhydrous ammonia and aqueous solutions of ammonia as major nitrogen fertilizers. These materials, as applied, result in very high concentrations of ammonia nitrogen in a small band. Several aspects of anhydrous ammonia fertilization in sandy Florida soils have been dealt with in a series of recent papers Eno and Blue, 1954; Eno, Blue, and Good, 1955) .6 This work emphasizes the effect of anhydrous ammonia on soil pH, and discusses the partial sterilizing action of the fertilizer on the soil population in general and its effect on the nitrification process in particular.
Although nitrification and the nitrifying bacteria have been the subject of a great many investigations since the famous experiments of Schloesing and Muntz (1877) , very little of the published material discusses work done under conditions simulating modern fertilizer practice. The present paper reports a series of experiments conducted to provide information on several typical California soils. These experiments had four objectives: (1) to determine the effect on nitrification of ammoniacal nitrogen concentration; (2) to discover what concentrations of ammonia and ammonium ion inhibit nitrification; (3) to measure nitrification rates of different fertilizer materials; and (4) to follow pH changes during nitrification and to establish limiting pH values for the process, if possible. 
METHODS
Six series typical of soils which commonly receive heavy fertilizer applications in vegetable and field crop production were selected:
1. Sacramento clay, an imperfectly drained basin soil, pH 5.57 (glass electrode measurement on 1:1 soil:water suspension). This particular soil is more acid than is typical of the series. 2. Hanford sandy loam, an alluvial soil formed from granitic rock, pH 6.39. 3. Staten peaty muck, an organic soil from the Sacramento-San Joaquin delta region, pH 5.44. 4. Salinas clay, formed from mixed alluvium, calcareous to the surface, pH 8.10. 5. Yolo loam, formed from sedimentary rock alluvium, pH 7.61. 6. Imperial clay, a desert alluvial soil, calcareous, pH 8.00. A factorial experiment was set up to include the six soils; six levels of application-O, 50, 100, 200, 400, and 800 ppm of ammonia nitrogen; three fertilizers-ammonium hydroxide, ammonium sulfate, and ammonium nitrate; and seven sampling dates-O, 1, 2, 3, 4, 6, and 8 weeks.
The fertilizer materials were dissolved in sufficient water to bring the soils approximately to field capacity, and the solutions were pipetted into Erlenmeyer flasks containing 50-gram samples of air-dry soil. Care was taken to make the wetting process as uniform as possible. Two samples were set up for each treatment and date although, in several instances, the samplings were not continued beyond four weeks since all the added fertilizer was nitrified by that time. The soils were incubated in a constant temperature chamber at 75°-+-0.2 0 F., with a slow stream of air at 100 per cent relative humidity passing through the flasks to insure adequate aeration and prevent drying out. At the end of a given incubation period the samples were removed. Sufficient water was added to make a 1: 1 soil: water suspension, except for the peaty muck which required a 1: 2 ratio. The suspensions were shaken thoroughly, and the pH was determined by means of the glass electrode. The samples were then shaken for several minutes with 50 ml of extracting solution containing 1 N NaCI and N/10 HCI. The HCI was omitted in extracting the calcareous soils. The soil suspensions were transferred to Buchner funnels, washed with 100 ml of extracting solution in several portions, and finally washed with water. The filtrate was made to 250 ml. Ammonia nitrogen was determined by distillation of an aliquot on a semimicro Kjeldahl apparatus. After the ammonia nitrogen was distilled over, the receiver was changed, Devarda's alloy and additional water were added to the distillation flask, and the nitrite plus nitrate was determined by a second distillation. Nitrite was determined colorimetrically on a separate aliquot of the original extract.
EXPERIMENTAL RESULTS
Nitrification in Initially Acid Soils. Changes in level of ammonia nitrogen and increases in nitrate nitrogen for the Staten, Hanford, and Sacramento soils are shown in figures 1 to 5, arranged in order of increasing level of application. This series of figures might be considered to represent a cross section of a fertilizer band, with the lowest concentration taken at the edge [Vol. 27, No.9 and the highest concentration near the center. At 50 ppm ( fig. 1 ), all three fertilizers were converted quite rapidly to nitrate, and the increase in nitrate was invariably more than 50 ppm, due to ammonification and subsequent oxidation of organic nitrogen during the incubation period in addition to essentially quantitative oxidation of the added ammonium-nitrogen. At 100 ppm ( fig. 2) , the same general observations apply, but there is some indication that ammonium as the hydroxide was oxidized more rapidly than as the sulfate and nitrate. The latter observation is clearly apparent at 200 and 400 ppm (figs. 3 and 4), particularly in the poorly buffered Hanford in the Hanford sandy loam, 800 ppm nitrogen as NH 40H completely inhibited nitrification during the four-week period, but after eight weeks a small amount of nitrite appeared, indicating the beginning of the nitrification process. Table 1 emphasizes the variability among soils and types of fertilizers with respect to the degree of inhibition produced at a given concentration. This variability is due in part to the fact that the causes of inhibition (~ee pp. 265-266) are not the same in every ease.
Nitrification in Initially Alkaline Soils.
Figures 6 to 10 show the course of nitrification in the Yolo, Imperial, and Salinas soils. At 50 ppm ( fig. 6 ), the added ammonium was rapidly converted to nitrate, but the occurrence of small amounts of nitrite at the one-week sampling date in Imperial clay was not observed in the initially acid soils. At 100 ppm ( fig. 7 ), the nitri- fication rates of ammonium sulfate and ammonium nitrate were noticeably slower than that of the hydroxide, and the occurrence of nitrite in Imperial clay was more pronounced. These same observations are applicable at 200 ppm ( fig. 8 ). In figure 9 , the differences among nitrification rates of the three fertilizers were quite large, and the 400-ppm application of ammonium hydroxide caused the transitory appearance of nitrite in Salinas clay. All three fertilizers induced temporary nitrite formation in Imperial clay. At 800 ppm ( fig. 10 ) ,nitrification of ammonium sulfate and nitrate was strongly inhibited in Yolo loam, and nitrite occurred with all three fertilizers in the Imperial and Salinas soils. In the Imperial soil the increase in nitrate lagged behind the formation of nitrite, but at the end of eight weeks, nitrite had attained a low value or disappeared entirely, with corresponding increases in nitrate. This behavior differs from that of the other calcareous soil, Salinas clay, in which nitrite attained high values and remained high where ammonium hydroxide and ammonium sulfate were applied. The formation of considerable quantities of nitrite in the alkaline soils may be explained on the basis of the inhibitory effect of free ammonia on the actvities of the N itrobacter species. Meyerhof (1916) observed that .001 M ammonia at pH 9.5 gave a 70 per cent inhibition of oxygen uptake by Nitrobacter in solution culture. Since the two principal steps in nitrification involve, first, the formation of nitrite, NHt + j02~N02 + 2H+ + H 2 0 , followed by oxidation of nitrite to nitrate, N02" + t02~N03' inhibition of the second step will result in nitrite accumulation. The accumulation of nitrite following application of ammonium fertilizers under field conditions has been reported by Chapman and Liebig (1952) , Fuller et ale (1950) , and by Duisberg and Buehrer (1954) . This is an important practical consideration in view of the possible toxic effects of nitrite on the growth of crop plants. Fortunately, the alkaline conditions which give rise to nitrite accumulation are those found to produce the minimum toxic effects (Bingham et al., 1954) . I-Iowever, these workers observed that substantial quantities of ammonium seemed to increase nitrite toxicity in solution culture.
The effects of high application levels of ammonium fertilizers on the three alkaline soils are shown in table 2. These data differ from those of table 1 in that large amounts of nitrite accumulated in several instances as a result of selective inhibition of the nitrite-oxidizing bacteria. This appears to be characteristic of the calcareous soils in which the pH remained alkaline in spite of the production of considerable acid resulting from nitrification. In these soils there were sizable decreases in ammonium-nitrogen not compensated for by corresponding increases in nitrite and nitrate, a result which may doubtless be attributed to volatilization losses.
pH Changes. Since ammonium ion is converted to nitrate ion during the nitrification process, the resulting changes in soil acidity from oxidation of ammonium fertilizers are of interest. These are shown in tables 3 to 5. In the two well-buffered acid soils (table 3) , a significant downward trend in pH was observed at all levels of application. The application of 400 and 800 ppm ammonium hydroxide to Sacramento clay made it temporarily alkaline, which accounts in part for the fact that fertilizer in this form was nitrified more rapidly than either ammonium sulfate or ammonium nitrate. Rather large pH changes took place in the poorly buffered Hanford soil (table 4) , and the very high pH values resulting from adding 800 ppm ammonium hydroxide explain the complete inhibition of nitrification shown in figure 5 . The initially alkaline Yolo loam was made acid by all treatments except 50 ppm ammonium hydroxide, and its behavior was in general similar to that of the acid soils. In the two calcareous soils ( NH4NOa  800  5.97  650  0  41  19  1,600 6.39 1,490 
1,600 7.58 1,365 4 0 experiments, the most pronounced effect of pH on the nitrification process appears to be on the acid side of neutrality, where the oxidation of ammonium ion became quite slow in the vicinity of pH 5.0. In one experiment where the I-Ianford sandy loam received 800 ppm ammonium hydroxide, the pH remained above 9.0 for four weeks, and measurable nitrification did not begin until after the sixth week. In this latter instance, the nitrifying bacteria were undoubtedly affected by the high ammonium concentration associated with the high pH, so that inhibition cannot be attributed to high pH alone. Comparison of Nitrification Rates. It is apparent in figures 1 to 10 that the three types of ammonium fertilizers did not nitrify at the same rate. Table 6 shows the time (in weeks) required for the formation of an amount of nitrate equivalent to half the added ammonium nitrogen. No particular significance is attached to this "half-life" except that it serves as a convenient basis of comparison. Considering the three acid soils and the noncalcareous alkaline Yolo soil, rates of nitrification followed the order NH 40H > (NH 4 ) 2 S0 4 > NH 4N0 3 with but one exception.
-----------------------------------
With respect to the two calcareous soils, no such generalization can be made. In these there was a tendency, at the higher rates, for ammonium sulfate and nitrate to nitrify faster than ammonium hydroxide. Meyerhof (1916) reported the optimum reaction for Niirosomonas sp. to be 8.5 to 8.8, and for Nitrobacter, 8.3 to 9.3, although pH optimums appear to vary somewhat with bacterial strain and nature of the cultural medium. A nitrification optimum on the alkaline side of neutrality probably accounts for the more rapid nitrification of ammonium hydroxide in acid soils. The reasons for slower oxidation of ammonium nitrate than of ammonium sulfate in acid soils are less obvious, but may be due to a salt concentration effect, particularly at the higher application levels. In this connection it should be pointed out that, in all experiments reported here, the three fertilizers were compared on an equivalent ammonium-nitrogen basis, whereas in a field situation the nitrate portion of the ammonium nitrate would be taken into consideration. From a practical standpoint, the slower nitrification of ammonium nitrogen in ammonium nitrate assumes slight importance, since only half the nitrogen of the compound is involved.
Comparisons of maximum nitrification rates and the period during which they were attained are shown in tables 7 and 8. A general, though not invariable, observation is that as the level of added ammonium nitrogen increased, the period of maximum nitrification rate tended to come later in the course of the incubation. The maximum rates attained emphasize the capacity of the nitrifying flora in most of these soils to convert large quantities of ammonium nitrogen to nitrate in relatively short time. For example, rates above 40 ppm per day were observed in the two calcareous soils, Salinas clay and Imperial clay. The highest nitrification rate reported by Frederick (1956) was 91 pplll per week, or 13 ppm per day, which occurred in a Genesee silt loam, pH 7.7, incubated at 35°C.
DISCUSSION AND CONCLUSIONS
Nitrifying bacteria in the soil are seldom, if ever, confronted with a situation in which their substrate, the ammonium ion, is uniformly distributed throughout their environment. Because of the nature of fertilizer application practices and the tendency of the ammonium ion as well as of free ammonia to be absorbed at the point of contact with 'soil colloids, localized high concentrations are the rule rather than the exception. Invariably a concentration gradient is produced, with a maximum at the point or line of application. The distribution of ammonium nitrogen around this maximum depends on several factors, including type of fertilizer, depth of application, soil texture, and soil moisture. Lorenz et ale (1955) have shown that, in alkaline sandy soils, aqua ammonia and ammonia gas form a more diffuse pattern than does ammonium sulfate, with much of the movement of the former two materials being in an upward direction.
If the results of these experiments can be considered to represent a cross section of a fertilizer band, it can be said that, at the edge of the band where ammonium concentrations are low, nitrification occurs rapidly and completely. Higher ammonium concentrations near the center of the band may inhibit nitrification completely if the soil is poorly buffered although most soils in these experiments could still nitrify at relatively high concentrations of ammonium ion. In the case of aqueous and anhydrous ammonia, the tendency to produce high pH values, with resulting inhibition of nitrification in coarse-textured soils, may be partly compensated for by the more diffuse fertilizer band produced. Where inhibition of nitrification occurs following ammonium-fertilizer application, it may be due to one or more causes:
1. Excessively high pH resulting from application of alkaline materials. A maximal soil p H value for adequate nitrification is not suggested, since considerable variability among soils is evident in these experiments. Examination of tables 3 to 5 indicates nitrification occurring at pH values even above 9.0.
2. Excessively low pH resulting from formation of nitrous and nitric acids. In localized zones, changes can be in excess of one pH unit even in heavy soils. Nitrification becomes quite slow below pH 5.0, but may proceed at 4.5 or lower. Soil in the vicinity of a fertilizer band may thus become quite acid as a result of nitrification even though the main body of soil is unaffected. 3. Presence of free ammonia, exerting selective inhibition on the nitrateforming bacteria. Free ammonia, which is formed in greater quantity in alkaline soils, may result in nitrite accumulation in amounts toxic to plants. Acute conditions may further inhibit transformation of ammonium to nitrite. 4. Salt effect, resulting in osmotic concentrations too high for optimal activity of nitrifying bacteria. Specific ion toxicity of ions such as nitrate might possibly be involved in some instances where ammonium nitrate additions produced inhibitory effects. It is difficult to state, in a particular case, just what factors have contributed to inhibition of the nitrifying bacteria, but it is possible to predict the conditions under which inhibition is likely to occur. For example, high concentrations of any type of ammonium fertilizer, coupled with a soil reaction on the alkaline side of neutrality, are likely to result in nitrite accumulation. The only instance of nitrite accumulation at a pH value below 7.0 observed in these experiments was in Sacramento clay at pH 6.9 (tables 2 and 3). In calcareous soils the problem is aggravated.
One significant point emphasized by the data of these experiments is that, under optimum conditions, nitrification is an extraordinarily rapid process. This fact should prove helpful in interpreting numerous field observations involving either response or lack of response to ammonium fertilizers. If moisture, pH, and temperature conditions of the soil are satisfactory, it may be assumed with confidence that nitrate will be produced from an added ammonium fertilizer in sufficient quantity to keep pace with the needs of growing plants in most agricultural soils.
